Abstract. Loss of bond between steel and concrete is one of the effects of corrosion of reinforced concrete specimens. In order to study that, push-out tests were designed and carried out in previous works, in which the specimens were slices cut from concrete prisms reinforced with a smooth steel tube. This allows adhesion and friction to be investigated, avoiding influence of bar deformations on bond stress. The prisms were subjected to accelerated corrosion tests within the framework of a general study of cracking of concrete due to reinforcement corrosion, as presented in previous conferences. In this work simulation of the bond tests has been carried out in order to study numerically the effect of adherence and friction, by using three-dimensional models of the specimens. The simulations have been carried out within the finite element framework COFE (Continuum Oriented Finite Element), which implements elements with an embedded adaptable crack to reproduce fracture of concrete according to the standard cohesive model. Additionally, joint elements with cohesive softening and friction have been programmed to reproduce the behavior of the steel-concrete interface. The numerical and experimental results of specimens not subjected to accelerated corrosion show a good agreement, which confirms that a cohesive-frictional law is adequate to reproduce the interface behavior. In addition, the effect of adhesion and friction on bond has been studied separately in the simulations. In the paper, the main aspects of the push-out tests are introduced, formulation of the joint elements is presented, and the numerical and experimental results are analyzed, with special focus on the numerical aspects of the constitutive law of the joint elements.
INTRODUCTION
Loss of bond between steel and concrete is one of the main consequences of corrosion of the reinforcement. The studies found in the literature show that for specimens with a high degree of corrosion the maximum bond strength decreases due to the lubricant effect of the generated oxide layer, degradation of the bar ribs and propagation of longitudinal cracks which diminishes confinement [1, 2] . Moreover, degradation of stirrups might influence bond strength as well, since they are the main mechanism of confinement after cracking of the cover [3, 4] . However, influence of corrosion on each factor contributing to bond strength is not quantified, due to the difficulty to decouple the effect of those in experiments.
In order to study loss of bond due to reinforcement corrosion, the authors of this work designed an experimental device for push-out tests, in which a steel tube embedded in a concrete slice is pushed out from that [5] . This allows adhesion and friction to be investigated, avoiding influence of the steel deformations, as interlocking of bar deformations against the concrete does not occur. The specimens are slices cut from concrete prisms which were subjected to accelerated corrosion tests within the framework of a general study about cracking of concrete due to reinforcement corrosion [6, 7] . Tests were also performed for slices of specimens not subjected to accelerated corrosion. The push-out tests manifested that friction and confinement of the specimens are essential on bond stress once adhesion between the steel and the concrete is lost.
In a preliminar numerical study it was assessed by means of finite element simulations that the stress at the steel-concrete interface in push-out tests is uniform [8] , thus verifying that the shear stress obtained from the results of this type of experiment is reliable.
The present work is a continuation of the mentioned numerical study and focus on the friction between the steel and the concrete. A frictional model with inelastic displacement has been implemented within the finite element framework COFE (Continuum Oriented Finite Element). Several strategies of superposition of frictional elements with cohesive elements have been investigated, in order to reproduce the behavior observed in the experiments. This study is limited to specimens without corrosion, as the previous step to the simulation of push-out tests of corroded specimens, for which it is planned to superpose a model that reproduces the mechanical behavior of the oxide layer.
In the current paper, Sec. 2 reviews the background of this work, Sec. 3 presents the main aspects of the model, Sec. 4 discusses the numerical results, advantages and limitations of the strategies of simulation of this work and Sec. 5 includes the conclusions.
BACKGROUND 2.1 Geometry of the specimens
The specimens are slices obtained from concrete prisms with an embedded calibrated steel tube. Figure 1 displays a sketch of the geometry of the slices.
(a) (b) Figure 1 : Geometry of the specimens of push-out tests, with dimensions in mm, and sketch of the test. In the figure, the mesh and boundary conditions of numerical simulations of the tests are sketched
The original prisms were subjected to accelerated corrosion tests using the experimental device presented in [6] in such conditions that a uniform oxide layer developed surrounding the steel tube and a main crack grew at the cover. Other secondary cracks developed surrounding the reinforcement, but they were much thinner than the main crack. A constant current of 400 µA/cm 2 was applied using the impressed current technique [9, 10] . Then the prisms were cut into slices with an average thickness of 20 mm (see [5] for details in the slices preparation). A smooth steel tube was used as the reinforcement instead of a ribbed bar in order to perform special measurements during the accelerated corrosion tests, which provided relevant information about the mechanical behavior of the oxide.
Push-out tests
The design of push-out tests was conditioned by the geometry of the specimens, as anchoring of the tube was not possible. A push-out device was selected as the best solution for these specimens to push the tube out of the concrete. This device allows adhesion and friction to be studied, avoiding influence of the geometry of the bar ribs on the measured shear stress. For details in the experimental design see [11] .
The tests were carried out under displacement control. The applied load P and the displacement of the tube δ were recorded during the test. Figure 1 shows a sketch of push-out tests and Fig. 2 a picture of the experimental device. For details in the test procedure, see [5] . The shear stress τ transmitted at the steelconcrete interface was computed taking into account the actual surface of concrete contacting the tube and assuming uniform stress along the tube length, as
where P is the load, D is the outer diameter of the steel tube (i.e. 20 mm), L the average length of the tube, and δ the displacement of the tube. Figure 3 shows typical curves of nominal shear stress versus displacement of the steel tube which were obtained for specimens not subjected to accelerated corrosion. The curves are plotted up to a displacement of 1000 µm although the tests were run for a greater displacement, since no significant changes occurred from that displacement on. The curves display an initial steep slope up to a peak; then there is a sudden drop with a marked instability, as indicated in the curves by the dotted lines, followed by a progressive descent of the stress until the end of the test, which indicates that there is a residual bond stress due to friction. Unload and reload branches were carried out, which manifested that the displacement of the tube is permanent after the peak load is reached. This motivated the implementation of a model with friction and permanent displacement in this work.
The results of specimens subjected to accelerated corrosion were very similar, except that the decrease in stress was progressive during the test. The residual stress depended on the corrosion level of the specimens. Moreover, an influence of the crack width on the residual stress was observed, manifesting influence of the confinement of the specimens on the shear stress after the peak load, which motivated as well implementation of the model presented in this paper.
Preliminar numerical study
The simulations of the present study and the previous one were carried out within the finite element framework COFE. Three-dimensional models have been used, which are described in Sec. 4.1. The finite element program implements elements with an embedded adaptable crack [12, 13] which reproduce the fracture behavior of concrete according to the cohesive model [14] . Those will be applied in future numerical simulations of push-out tests of corroded specimens. However, in this study concrete was assumed to be linear elastic, since the behavior of non-corroded slices, which are uncracked, have been simulated.
In order to simulate the behavior of the steelconcrete interface, joint elements have been used. Those are an extended version of the elements presented in [15] . Their main aspects are included here for completeness of the text. They are zero-thickness elements that transmit stress only between pairs of nodes and are defined by the external unitary normal n to the element. At their initial version, the joint elements were formulated for two-dimensional problems and were used to reproduce the mechanical behavior of the oxide layer. At their current version, formulation of the elements have been extended, leading to families of prisms and hypercubes which can be used in two-and threedimensional problems. Figure 4 shows a sketch of the families of joint elements. In the joint elements the traction vector t is computed from the displacement vector w considering the behavior in normal and shear direction by means of the corresponding stiffnesses as
where k n is the normal stiffness, k s the shear stiffness, n the unitary normal of the element, and 1 is the second order identity tensor.
For the preliminar study several cohesive laws were implemented, based on the damage model from Camanho and Davila [16] , which is sketched in Fig. 5(a) . In that model, stiffness degrades as a function of the maximum displacement, with unloading to the origin. [8] , and friction model with inelastic displacement (c) programmed in the current study.
In particular, three laws were implemented: the first one with linear softening, the second one with linear softening plus constant friction after a given displacement, and the third one with exponential softening and asymptote with a given value f f r . In all the cases, an equivalent displacement w m is considered, which includes the positive normal displacement w n , i.e., the displacement in the case of tension, and the shear displacement w s :
For the negative normal displacement, i.e., the displacement in compression, linear elastic behavior is assumed.
In the numerical study push-out tests of specimens not subjected to accelerated corrosion was simulated by using the mentioned three models. It was verified that the shear stress at the steel-concrete interface is uniform after the peak load, thus, assessing the validity of the test of push-out for studying bond stress.
The cohesive law with exponential softening (see sketch in Fig. 5b ) was the best to reproduce the behavior observed in the experiments. However, this law has the limitation that the residual friction at the end of the test was a constant imposed value, while in the experiments it was observed that the final stress depends on the crack width, thus, manifesting influence of the confinement. This motivated implementation of the model described in the next section.
FRICTION MODEL WITH INELAS-TIC DISPLACEMENT
In this work a model with frictional behavior and inelastic displacement has been programmed, as sketched in Fig. 5(c) , with the following basis.
Let us consider K the elastic stiffness tensor of the element
where 1 is the second order identity tensor and k a fictitious stiffness, which is necessary to avoid numerical instabilities. For a given displacement vector u applied to the element, u p is the plastic displacement vector due to slide. Then the traction vector t of the element is calculated as
with the assumption that u p is perpendicular to the normal direction of the displacement. The criterium for initiation of inelastic displacement is
where t s is the shear component of the traction vector, µ the friction coefficient which depends on the material, and p the modulus of the normal component of the traction vector. If Eq. (6) is true, then the displacement is elastic. Otherwise, there is plastic displacement and the shear component of the traction vector is limited to the value of µp.
At the programming level, this limitation of the shear component of the traction vector implies a correction of the inelastic displacement of the previous step with a radial return displacement δu p . Figure 6 displays the results of an example with a unique element. This is an hexahedron with stiffness k=100 N/mm 3 m and friction coefficient µ=0.4 (model Friction 1 in Table 4.1). An increasing shear displacement up to 0.02 mm, then decreasing up to 0.01 mm and then increasing again up to 0.025 mm is applied to each node of the upper side of the element, while the displacement of the remaining nodes is zero. A normal force of −0.1 N is also applied at each upper node in oder to ensure compression of the element. As shown in the figure, the resulting shear force coincides with the theoretical corresponding to the conditions of this problem. 
Characteristics of the simulations
Simulations have been carried out by using two three-dimensional models: the first one with an only hexahedral element with a crosssectional area of 1 × 1 mm 2 , which has been used for verifications, and the second one which reproduces the geometry of the slices and the boundary conditions of push-out tests. The characteristics of this last model are described in the following. Figure 1 displays a sketch of the mesh and boundary conditions applied in the simulations. A structured mesh as that described in [8] was used, which was generated by using the pre-post Finite Elements mesh processor Gmsh [17] . Hexahedral elements with assumed enhanced strain were used for the steel and concrete elements, and joint elements of type hexahedra for the interface. The number of hexahedra in the direction of the thickness of the slice was eight. In the plane of the cross-section, the number of interface and steel elements per quarter of circumference was sixteen, with one layer of joint elements and three layers of steel elements. The mesh of the concrete matched the mesh of the tube. The size of the elements at the outer boundary of the concrete was increased to be ten times that of the interface elements.
A vertical displacement was imposed at the upper nodes of the steel tube. The displacement was restricted at the nodes of the bottom side of concrete of the shadowed zone, which corresponds the device that supports the concrete slice in the experiments (see [5] ). In addition, the displacement of two nodes of the bottom side of concrete was restricted for the sake of a proper conditioning of the numerical problem.
The resulting stress at the interface was computed from the sum of the nodal reaction of the nodes of concrete with restricted displacement, assuming uniform stress, as in the experiments. Table 4 .1 displays the reference values of the parameters of the materials. For the steel and concrete, linear elastic behavior was assumed, with standard parameters, as in [8] . For the Table 1 : Reference parameters of the materials, where E is the elastic modulus, ν Poisson's ratio, α the thermal expansion factor, k the fictitious stiffness, µ the friction coefficient, f t the tensile strength, w c2 the displacement for which the stress of the cohesive law is zero, measured from the displacement of the peak, c and f f r are the exponent and the asymptotic value of the exponential cohesive law, respectively, Lin. soft. stands for linear softening, and Exp. soft. stands for exponential softening
concrete a thermal expansion factor was considered, in order to simulate a strain equivalent to its retraction. For the joint elements several laws were used: frictional law with inelastic displacement with the values displayed for Friction 1 and Friction 2, cohesive law with linear softening and cohesive law with exponential softening. See Fig. 5 for the physical meaning of the parameters of the laws for joint elements.
4.2
Simulations with friction and retraction Preliminar simulations of push-out tests have been carried out to verify the effect of friction. As reference parameters, the values of model Friction 2 displayed in Table 4 .1 have been used. Simulations have been carried out as well with a friction coefficient equal to 0.2 and keeping the remaining parameters.
A thermal strain was imposed to the concrete elements to simulate the effect of retraction, in order to ensure compression at the steelconcrete interface. In particular, negative increments of temperature r were imposed bewteen -5 o C and -50 o C, which produce strains of −5 · 10 5 y −5 · 10 −4 . Those values are among the normal ranges of strain due to retraction, as reported in the Spanish Standard of Structural Concrete [18] . A total displacement of 10 µm was imposed to the steel tube in nine steps, except for the simulation with r = 5 o C in which it was applied in ten steps, in order to capture initiation of sliding. Prior to that, the thermal strain was applied in one step. Figure 7 displays the curves of shear stress versus displacement of the steel tube. It is observed that a greater retraction increases the shear stress, due to the increment in the normal stress of the interface. The effect of an increase in the friction coefficient is similar. However, the curves differ from those obtained in the experiments, as these examples only include the effect of friction. Thus results of simulations considering a cohesive effect to simulate adhesion are shown in the subsequent sections.
It should be noticed that the negative stress obtained for the initial step in all the simulations is due to the boundary conditions of the problem. Retraction is simulated as a negative increment of temperature which is applied to the concrete nodes, not to the steel nodes, while displacement is restricted in some nodes of the bottom face of concrete and some nodes of the upper side of steel (see Sec. 4.1). In particular, for the first step, the displacement of the upper steel nodes is zero, which introduces a fictitious relative displacement between the steel and the concrete, with a negative reaction in the concrete. This effect is more noticeable for the cases with greater retraction and friction coefficient. Figure 8 shows an example of the map of normal stress and shear stress obtained at the final step for a simulation with µ=0.4 y r=−5 o C. It should be noticed that there is a tridimensional effect as manifested in those maps.
Superposition of models
In order combine the effect of friction with that of a cohesive law, the solution in this work has been to superpose two layers of elements which share nodes, each layer with the corresponding constitutive model. It entails that nodal displacement of the elements is the same and the nodal forces calculated for each element are added.
A verification example has been carried out by using a model with two superposed interface elements. The same conditions as in the example described in Sec. 3 have been applied. For the element with frictional behavior, the parameters of model Friction 1 displayed in Table 4 .1 have been used, and for the element with cohesive behavior the parameters of model Lin. Soft., which stands for linear softening. Simulations have been run as well for each element individually. Figure 9 It should be noticed that when applying a normal force at the nodes instead of a normal displacement in order to ensure compression of the element, the coupled elements require double force than the individual elements, as stiffnesses of the elements are summed and the resulting normal displacement is smaller. It should also be noticed that in the coupled model implies an increase in the number of elements, which could be significant for fine meshes, with the subsequent increase in the time of computation. For that reason, a model with incorpores the two behaviors, friction and cohesive, will be programmed in the future, as an alternative to the superposition of elements.
Simulation of push-out tests
As final application of this work, push-out tests have been simulated for specimens not subjected to accelerated corrosion, superposing to layers of joint elements between the steel and the concrete. The first layer of elements has the characteristics of model Friction 2 displayed in Figure 10 shows the resulting curves of shear stress versus displacement of the steel tube. It is observed that the simulated curves reproduce the experimental results (see Fig. 3 ), although no attempt has been done in this work to obtain the best values for the parameters. It should be noticed, however, that implementation of the friction model with inelastic displacement entails an improvement with respect to the law with exponential softening and residual strength, since this model reproduces the stress at the end of the test by taking into account the parameters of the material. Moreover, it takes into account the effect of confinement by means of the variations in the normal stress, which will be applied in the future to study bond behavior of corroded specimens. 
CONCLUSIONS
A model has been programmed that reproduces friction and inelastic displacement. The superposition of this one and a cohesive model reproduces the curves of shear displacement versus displacement obtained in push-out tests of specimens not subjected to accelerated corrosion. This model takes into account the effect of the normal stress of the element, which will be applied in the future to study bond behavior of corroded specimens.
A strategy of superposition has been used to obtain a coupled effect of the models with friction with inelastic displacement and cohesive behavior, with satisfactory results. In that, joint elements are duplicated and share nodes. It is planned to program a model incorporating both behaviors in order to avoid increasing the time of calculation in problems with fine meshes.
